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Week | Date | Time Topics Instructor
1 12.09 2x45" Course overview: content, evaluation, topics DK
Urban characteristics, Urban Heat Island (UHI) effect
1x45" Introduction to the web tool CityTherm (part |) DK
2 19.09 1x45" Overview of physical parameters DK
1x45" Introduction to the course project | DK, JY
1x 45" Supervised work on the course project | JY
3 26.09 2x45" Heat Transfer: Conduction and radiation DK
1x45" Supervised work on the course project | JY
4 03.10 2 x45" Heat Transfer: Convection and evaporation DK
1x45" Supervised work on the course project | JY
5 10.10 1x45" Campus walk: exploring urban thermodynamics DK, JY
2 X 45" Supervised work on the course project | JY
6 17.10 3 x45" Supervised work on the course project | JY
Course project | submission deadline: 16:00 on October 17
7 24.10 BREAK
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CONTENT:

Urban meteorology
Structure of urban atmosphere
Micrometeorology
Winds speed and precipitation

Physical parameters
Temperatures (air, surface, ground)
Atmospheric pressure
Water vapor, moist air, air humidity
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=PFLUrban atmosphere: Atmospheric boundary layer

B CIVIL-309 / LECTURE 02

Troposphere: the lowest layer of the
atmosphere, it constitutes 80% of its mass.

Atmospheric boundary layer (ABL):
lowest layer of the troposphere. It is directly
influenced by Earth’s surface perturbations.

It stretches 1-2 km, above is the free
atmosphere.
The height and the structure of the

atmospheric boundary layer (ABL) vary
between day and night.

The atmospheric boundary layer above
urban areas is called the urban boundary
layer (UBL).

The urban boundary layer (UBL) is higher
than the rural boundary layer (RBL)
because the interactions between the Earth
and its atmosphere are stronger.
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Source: https://bmeafl.com/the-project-proposal/
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=PFL Urban atmosphere: Atmospheric boundary layer
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The urban boundary layer is composed of
two layers:

o Surface layer (lower 10%)
o Mixed layer (upper 90%)

Surface layer: a layer with heat and mass
exchanges between the Earth and its
atmosphere. It is composed of 2 layers:

o Roughness sublayer (RSL) - lower part
affected by individuals elements, it is turbulent
and 3D.

o Inertial sublayer (ISL) - the upper part affected
by assembles of individual elements, it varies
mainly in the horizontal direction.

Mixed layer: heat and mass exchange are
dampened by turbulent motion; temperature,
water vapor, wind speed are almost uniform
with height
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) i b 'n'.l - l’ i -\P\/_\
1,000 —
; Entrainment zone (EZ)
- Mixed layer (ML)
£
o
N Urban boundary 4
% 100 'O.TZJ l'ﬂ'yﬂ' (UBL} T //I
= Inertial sublayer (ISL) ~,+”
I -
Surface layer (L)  _——-————"7 o
R =~ "Roughness sublayer (RSL) e
10 __zH____ N I i e LTRSS P TP
0 W 1/
t— Urban canopy layer (UCL)

D R v R
777777 7777 7777777777777 7 7777777777777

100 —

Height z (m)

10 -

Free atmosphere (FA)

Capping inversion
Residual layer (RL)

‘l‘ Elevated inversion
zi ——
Nocturnal y
stable layer (NSL) ISt _-

Urban boundary _ y - -Zy -
_~~"layer (UBL) o -

e

Urban canopy layer (UCL)

Source: Oke, Urban Climates, p.31
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=PFL Urban atmosphere: Wind speed
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Wind speed at the surface

exponentially with the height:

Z

IS zero and

u(z) = (—) ‘u(zy) (2-1)

z, - reference height

Zy

a - surface roughness coefficient or Hellmann exponent

iIncreases

In urban areas, wind speeds are lower at lower heights because

of the surface roughness effect

Surface Surface
type roughness
Water body 0.10
Meadow 0.13
Forest 0.20
Settlement 0.25
City with 0.31
tall buildings
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Source: Medved, Building Physics, p.166
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Source: Oke, Urban Climates, p.100
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=PFL Urban atmosphere: Urban roughness
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Urban roughness is characterized by:

o The mean height of roughness elements zy
o Theroughness length z,

o The Hellmann exponent a

Roughness length z,: height at which the wind speed
theoretically becomes zero in the absence of wind-
slowing obstacles.

Two approaches to estimate the roughness parameters:

o Micrometeorological approach: in-situ measurements of
wind to solve the equation of the atmospheric boundary
layer profile.

o Morphometric approach: computing the roughness
parameters from the dimensions of the urban elements.

Yearly average wind speed (m s)

Moscow,
15 m height ]

Urban

roughness

) [ T T ST FEETE T ST T S e

1960

1970

Local climate zone type Mean height of roughness Roughness length zy (m)
elements zy (M)
Lawn 0.2-0.5 0.03 -0.06
Compact low-rise 5-8 0.3-0.8
Compact mid-rise 7-14 0.7-15
Compact high-rise 11-20 0.8-2
High-rise > 20 >2

1980
Years

1990

2000

Source: Oke, Urban Climates, p. 101

Source: Oke, Urban Climates, p. 103

Hellmann exponent

a
0.11-0.13
0.2-0.25
0.23-0.27
0.26 -0.29
0.29-0.35
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=PFL Urban meteorology: Micrometeorology
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Meteorology — science dealing with the
atmosphere and its phenomena (varies on
the spatial- and time- scale).

o Spatial scales: micro, meso, synoptic, global

Micrometeorology is applied at the local
scale. It studies small-scale (< 1km)
atmospheric processes, associated with the
short-term (< 1h) interaction of the atmosphere
and the Earth’s surface.

Micrometeorology considers:

o Turbulence phenomena present at space
scales of a few meters

o Surface transport and energy exchange

o Heat and humidity at the ground layer of
the atmosphere

Surface air temperature (°C)
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solar absorption
Reduced ventilation
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traps hot air
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* Less evaporation from non-porous surfaces
* Less latent heat flux
* More sensible heat flux

* More evaporation from porous surfaces
* More latent beat flux
* Less sensible heat flux

Image from: https://www.nature.com/articles/s43017-020-00129-5
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=PFL  Urban meteorology: Wind speed and direction
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Wind is driven by a pressure difference in
the air due to different air density. It
describes the movement of air.

Wind speed or magnitude u (%) IS the

resultant norm of the wind components u, v,
w in the main direction

Ju)? + v(¥)?2 + w(z)?

The wind above the urban canopy is
considered to be two-dimensional

u

Wind rose - a graphical representation of
the repartition of the wind speeds
according to the wind direction. It gives
statistical information on the wind direction
and allows to determine the predominant
wind speeds

o The wind direction is typically shown between
0 and 360° (North = 0°, East = 90°, South =
180°, West = 270°)

La Guardia Airport, New York, 2008

Wind Speed
(m/s)
— 15.50 (1.6%)

10.80 (6.1%)

8.23 (27.6%)

5.14 (35.0%)

3.09 (22.6%)
1.54 (0.0%)
0.00 (3.6%)

Source: https://en.wikipedia.org/wiki/Wind_rose

Wind animation in real time;

Weather Maps | Live Satellite & Weather Radar - meteoblue
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https://www.meteoblue.com/en/weather/maps/switzerland_switzerland_2658434#map=windAnimation~rainbow~auto~10%20m%20above%20gnd~none&coords=6.42/46.825/8.717

£PFL  Urban meteorology: Precipitation
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Precipitation: amount of rainfall on the
ground whether in the form of water
drops, snow flakes, or droplets of mists

It is expressed in water depth, snow water
or equivalent of snow thickness in mm

Precipitation is characterized by its
intensity and its occurrence.

Precipitation intensity is expressed in %ﬂ

Precipitation is higher in some urban areas
because cloud condensation is stimulated
by the presence of air pollutants, the urban
boundary layer structure and the presence
of the urban heat island.

Mean =121 cm

| Built-up area
° Rain gauge

850 hPa winds

Characterization Intensity of precipitation

of the rain (%)

Very weak <0.25
Weak 0.25-1.0

Moderate 1.0-4.0

Heavy 4.0-16.0

Very heavy 16.0-50.0
Extreme >50.0
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=PFL Urban meteorology: Measurements

B CIVIL-309 / LECTURE 02

Two types of measurements:
« Long-term routine

information (e.g., weather forecast)

 Field campaigns

(e.g., to answer specific research questions)

They can use sensors that are used

e |n situ

 Remotely (remote sensors)

Lidar plane
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Mobile
Flow-following
Fixed
©s, b.53
Ground-based, aerial and remote-sensing platforms

1. Stevenson screen 7. Tracer release experiment

2. Meteorological tower 8. Tetroon ballon

3. Tall tower 9. Vehicle
winched up and down drone
Portative weather station camera



=Y
N

=PFL - Urban meteorology: Solar Irradiance Measurements
{:} Total radiance |

Solar at the sensor
radiation -

= Measurements using
satellites:

Sensor aboard
satellite

o Large spatial cover
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_{ Ball to shield direct sunlight

= Measurements with | o TSR, T
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pyranometers: ' _*#__\_
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800 -

. Global "
o High accuracy one '

o Captures local
microclimate
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400 -
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https://www.jma-net.go.jp/kousou/obs_third_div/rad/rad_sol-e.html


https://www.researchgate.net/publication/236623348_Geostatistical_modelling_of_PM10_mass_concentrations_with_satellite_imagery_from_MODIS_sensor
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CONTENT:

Physical parameters
Temperatures (air, surface, ground)
Atmospheric pressure
Water vapor, moist air, air humidity
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=PFL  Qverview of Air Temperatures

= Dry bulb temperature T 4, (K or °C): the air property that is Temperature  Temperature Temperature
most commonly used.

By referring to “air temperature”, we normally refer to dry bulb
temperature affected by the moisture present in the air.

= Dewpoint temperature T,; (K or °C): the temperature the air
needs to be cooled to (at constant pressure) in order to
achieve a relative humidity of 100%.

=  Wet bulb temperatureT,,;, (K or °C): the lowest temperature
that can be reached under given ambient conditions by the

evaporation of water only. boling pont___(arzeJerze--[Jr00- [ a7s
Theoretical limit to human survival for more than a few hours is a
wet-bulb temperature of 35°C. Seaopont & | R R (E

» Temperature scales: measurement of temperature relative to
easily reproducible states (e.g., freezing and boiling points of water)

= Kelvin scale — thermodynamic (absolute) temperature scale that is
independent of properties of any substance or substances

0°C =273.15 K ﬁ'E’?'E'_“_T?_?-ﬁfﬂ_____._4300____.Oo_________._2?30_____.0

* Important to pay attention when the absolute temperature in [K] is used Fahrenheit Rankine  Celsius  Kelvin

B CIVIL-309 / LECTURE 02
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=PFL - Surface temperature

Surface temperature T, (K or °C). temperature of a
material (artificial matter) at its outer limit, at its surface
in contact with another solid, liquid or gas.

B CIVIL-309 / LECTURE 02

(©)

Surface temperature is determined with the surface energy
balance

It depends of the temperature of materials in contact and
the solar radiation reaching the surface.

It follows a daily and seasonal variation delayed with respect
to the variation of solar variation.

Dynamics of surface temperature:

©)

Maximum surface temperature is reached 1-2 hours after
maximum solar radiation and minimum temperature - 1-2
hours before the first direct sunlight.

The amplitude of the variation depends on the material’s
properties.

Temperature on the air side of the surface varies
exponentially. Air temperature could have 20 K difference
over 1 mm next to a heated surface.

surface
temperature

Source: Medved, Building Physics, p. 118

+18h <e:x}mm
Infinite insulation layer
0 0.2 0.4

&
(o))

depth x (m)

-
]
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=PL  Ground/Land temperature

B CIVIL-309 / LECTURE 02

Ground temperature next to the surface is
affected by the physical processes of the
upper environment

Major difference between ground and other
material temperature: only the outer surface
temperature changes while the bottom
temperature remains constant after a certain
depth (the thickness of ground is considered
infinite)
o Ground temperature next to the surface
varies daily and with season with time lag

depend on solar radiation and air
temperature

o The ground thermal properties and
deep temperature depend on soll
composition and structure

TEMPERATURE (°C)
&

20

ground
temperature

. "
.....

— 2.5 cm
e |5 O

- --—30cm

| 1 1

| ] ]

1 I 1 1
24 06 12 1B 24 06 12 18
TIME (h)

Source: Arya, Introduction to micrometeorology, p. 48
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=PrL  Ground vs. Soll
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Ground is the surface of the Earth. Ground is used
indifferently to describes the surface and the volume of
matter below it (i.e. soil).

Soil is a mixture of organic matter, minerals, gases,
liguids and organisms. Soil is a three-state system
composed of solids, liqguids and gases. It is usually
structured into layers of different composition.

Ground surfaces can be:
o Artificial: pavement

o Natural: bare soil or soil with vegetation

Soill

ORGANIC MATTER

SURFACE SOIL

SUBSOIL

PARENT MATERIAL

BEDROCK

T

Ground

Picture from: web link

Picture fr
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https://www.freepik.com/premium-vector/soil-layers-diagram-earth-texture-stones-ground-with-green-grass-top-geology-infographics_11733343.htm
https://sciencestockphotos.com/free/geology/slides/soil_layers.html

=PFL  Atmospheric pressure
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= Air pressure decreases with the altitude (around 10 %)

= Air (dry) pressure is related to air density and temperature

= Atmospheric pressure p, (Pa=%): weight exerted by

the overhead atmosphere on a unit area of surface millibars
. Va Pa-9g -
pa - A ( - ) ’/og
P
gl
1 bar = 10° Pa (2-3) \‘@0@%

volume 1

Source: https://www.britannica.com/science/pressure

= Pressure is exerted equally in all directions Mt, Denali, AK 20,320 ft.

through the Ideal Gas Law:

pgVuo=n-R-T (248) —> p, =p, R, T (2-4)

R, - specific gas constant for dry air (287.04 kgL.K)

53,000
16,200 m

feet

meters

45,000
13,600 m

39,000
11,800 m

34,000
10,400 m

30,000

9,200 m

Source: https://www.weather.gov/jetstream/pressure
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=PFL Water vapor

Xenon
0.000009%

= Standard air or barometric pressure p, 1013 mbar
(=101.3 kPa) is defined at sea level

Neon
0.0018%
Hydrogen
0.00005%

Helium
0.0005%

Krypton
0.0001%

Carbon dioxide
0.038%

= Airis a mixture of gases, predominantly N,, O,, Ar, and CO.,,.
Important to consider that air always contains water vapor

Assist. Prof. Dolaana Khovalyg

=  Humidity or moisture — the amount of water vapor present

in the air
= Partial pressure of water vapor p, (Pa): the pressure that  water vapor Dry air Moist air
would be exerted by water vapor if it occupied the same F————1 e lr—"ﬂ
volume as the moist air on its own NN NN
o Partial pressure of water vapor in the air p, is between 0.1- - '.) 3 S
12 kPa, depending on air temperature and humidity ® .
i = Moist air behaves according to the Dalton’s law — the Pv Pa,dry
- total air pressure p, is equal to the sum of the partial
E pressure p; of the i-th gas present in the air (.e., pg ary), Dy = z 81 A By S By o8 1 (2-5)
& and the partial pressure of water vapor p,,. ]
S
O



=PFL  Moist air
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Source of humidity: evaporation process from
surfaces:

o An increase in moisture caused by evaporation
o Adecrease in moisture caused by condensation

Depending on the moisture ratio between the air and the
surface and their respective temperatures, evaporation
or condensation happens

Air is saturated with water vapor when another water
input would lead to condensation

A state of saturation is achieved by moistening the air
(by evaporation from the water surfaces, by spraying the
water droplets) or by cooling it to the saturation
temperature (= dew point temperature T;.,,)

The water content in the air is highly dependent on air
temperature. Hot air can hold more water-vapor
molecules than cold air due to the increase in water-
vapor saturation pressure p, 4 With an increasing
air temperature

Source: Spiridonov, Fundamentals of meteorology, p. 133

4

CONDENSATION

20°C 15°C 10°C 5°C

Source: Medved, Building Physics, p. 194

45g 79g 85g 125¢g

Quantity of liquid water condensing from 1m? of saturated air
as the air is cooled from 20°C to lower dew point temperature

N
S
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=PL  Psychrometric Properties: Moist Air

Water vapor saturation pressure p,, sq¢ (Pa) — the pressure
at which water vapour is in thermodynamic equilibrium
with its condensed state.

o At higher pressures (p > p, sq¢), Water condenses

o At lower pressures (p < p,sqt), Water evaporates

o Relationship between p,, ;¢ and T is approximated by the

Clausius-Clapeyron eqn:

R, - water-vapor gas constant (461 J/K - kg),
T, =273.15 K, p, = 611 Pa,

L — latent heat (2.5 - 10° J/kg for vaporization,
and 2.83 - 10° J /kg for sublimation)

(2-6) Pvsat = Po °

o Simplified p,, sq¢ (Pa) formulas (¢ - air temperature in °C):

For t > 0°C: Fort < 0°C:

17.08:t
; = 611 - 23418+t (2-69)

22.44-t

Pv,sa Pv,sat = 611 - e272.44+t (2-6b)

Water vapor pressure deficit Ap,4 (Pa) is defined as how
much more partial pressure can be taken up before
saturation occurs:

Saturation vapor pressure p, . (kPa)

0

B CIVIL-309 / LECTURE 02

Apya = Pysat ~Pv (2-7)

= H\ Saturated > ; & 2
& vapor -9 &
pressure \. I
o, =,
® @
® @@@@ ®e (;f@ | Liquid ~__[® @@@@. ®e g;”@
0@@@®©@®’ \ﬁ@@@@@ i
@ ® ;
T,=20°C T,=37°C
t>0°C
t < 0°C
40 -30 -20 -10 0 10 20 30 40

Temperature (°C)

N
=
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=PL  Psychrometric Properties: Moist Air

= Psychrometric chart presents physical
and thermal properties of moist air in a
graphical form (at standard atm. pressure
101.3 kPa)

Assist. Prof. Dolaana Khovalyg

~ Wet Bulb Temperature

= Parameters displayed.:

Dry bulb temperature T,
Wet bulb temperature T, 4
Dew point temperature T,
Specific enthalpy h, (internal
energy of air measured
relative to a reference
temperature 0 °C) Dew Point
o Relative humidity ¢ or RH Temperature -
o Absolute humidity x
o Vapor pressure p,

Enthalpy Relative

Humidity

O O O O

Humidity
Ratio

= Absolute humidity ranges:

o innature: 2-20g/kg
o indoor air: 4-12 g/kg

Dry Bulb Temperature ~— Specific Volume

B CIVIL-309 / LECTURE 02



Q9  BAjenoyy eueejoq joid ISISsSy

0000000000 o000 OO SOD
v i i by vy S iy i iy v v i S e - R ===k
R R BRSNS SR SRNEN SRS RO Jet i Rt v vy
1 1 L1 1 | | | 1 1 | L1 1 1 1 11 | A N [ AN (N NN N N 11 L1 1
y £anoaopy Jo ww - 2anssaid Jode A
¢ Iy elore
L pue d '@ Do - Anerdw) yurod maq -
R G g ) S w o 7T
1 1 1 1 1 1 1 1 | I TR TR T T NS SN SN NN A AR AN NN NN EE FRTRA ST Wy
T T I — I TT 70 - " 1 T ™ " T
DRE 8 Tl o NS e e S NN AT ™
/l | tl .\.N% PN - I._Jn “ ZIS e £1p wieaSopny Jad amistow I/ ! ...
7Rl IR R s AN o
_ \_\ F AT #VA\WN I | amVA\ Avyay !
< Ew ] e v FISNYAAF | N | A _ﬁ-\\
e TR a NP ARy ErrA N\ X
A TR 2= o S )7 A=X \LMM DXACTHA
o | L A -
A ﬁf}}_ SN R B N
. | ., — -4 .
an iy \_‘ = ‘.Nk\mvf.% | el .y ,/...\ L\Lq/ N \P\w, m;.,.uq_vlu_w% %_W %nl
_ 1\11\1../ 4 .@wpo A_u..n.u n...q.\\ x_\ \Wﬁm,%%m \_\ N ¢ .u.xm,\hx . \rw.n o ara] o
Vinm = A RE AR D S ET T NN N Al TN N
F M\r........\nﬁl.amvﬁ qurwfh 7 /_r\m | _\v\\” m 118 Kz(h A il TV Nz
TR T S T T SN oo NS LTINS NS N w
AT T LA LA \m_wﬁ_ 4 . .w\y\_ﬁx|_ s
:Mﬁmmff AR H PN AR %%. 7N amz
| 1 T = h 40 -
3 1] me..f_....it..r.“q_ W | £ - v_ﬂ. 1 /1 rWMXN\ SN m\%ﬂ% _. o 7 | o
- T, TTAL TS BRUAA R m?_ll\ - AP YT
o~ < i S /A vas i CINT X kg O S AL
@ . TSR T N 7 ONG D e ete _ Vi
T : TS N A
% JI.NN _ WNI_I. O.m.m_v VO hmu N..{N\ ol
Q = 4 327
e N, _ e 7
[ » : _ oI o8 e 2o
© SRR b
a1 - = P i 4
M S U o, [0 e AR %.w
dlis, | ) wm
KD S\GoH ~
~~ ) — ] —
[ ) | c N £ : _ a
“ S /RN BNV
< ONg
[=] ! A -
u m & ;m.\ hOYAE Al
= 7 L) ANNAAEL v
7p] ouo N .Qmu (N A 1
O o uMV» 5 | N .\
a c % Y% I8l
c ._ Q. ’ ]
a © %, il -
% % e
o 0 N
- &mv Ou. [Fd \_m..h E_.J
“ XA
_ i
P g ﬂw N
»\@‘, N) f
9 1| 2
2 = “ T
= ~ ) W
) S v
= %, 25
L @
.rl. o\t
£ ¢ S, AT
e Vs 1
m =
> S v
O A0
= T
© °
&)
=
5
-
TP-I ¢0 3dN1LD3A7/ 60E-TIAID
L

Dry bulb temperature - °C 7 (DBT) —>»


https://www.psychrosim.com/
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=PFL Psychrometric Properties: Air humidity

o Specific humidity q (%): the mass ratio between water vapour mass and the mass of
moist air (does not change with the change of temperature and pressure)

Assist. Prof. Dolaana Khovalyg

-M., /M
_ m, (2-8a) _ Pv v/ a,dry — 0.622 Pv (2-8b)
mg Pa — (1 - Mv/Ma,dry) "Pv pa — 0.378 - py

o Absolute humidity or humidity ratio x (:—j): mass of water vapor per 1 kg of dry air
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o Relative air humidity ¢ (- or %): ratio of the actual partial pressure of water vapour p,, to the
water vapour saturation pressure p,, ¢q; at a specific air temperature (often labeled as "RH”, air
IS saturated at ¢ = 1 or 100%)
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_ _ _Pv 0 t — air temperature (°C),
( ) (2-108) @ = Py sat 100 (/o) (2-10b) « M, - molar mass of the water

vapour (18 kg/kmol),
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o Humidity by volume v (—=): water vapour mass per unit volume of air air (28.9 kg /kmol),

(p:

- R, - gas constant of water
S Py _ Pv,sat * P (2-11) vapor (462 J/kg - K)
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Thank you

for your attention!
Prof.

Dolaana Khovalyg

Assist.
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